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Abstract: The authors studied the concentration of heavy metals and mercury fractionation in contaminated soil in 2 agricultural land use
systems (paddy rice and dry land) at the Wanshan mercury mine in China. The average concentrations of chromium, lead, copper, nickel,
and zinc were generally lower in paddy rice soil relative to corn field soil. Soil under corn field production was slightly contaminated with
lead (22–100mg/kg), copper (31–64mg/kg), and nickel (22–76mg/kg) and moderately contaminated with zinc (112–635mg/kg). In both
soils, correlation of these metals with the titanium concentration in the soil indicates a geogenic origin for each metal (lead, r¼ 0.48;
copper, r¼ 0.63; nickel, r¼ 0.47; zinc, r¼ 0.48). The mercury and antimony concentration in soil was high under both cropping systems,
and future remediation efforts should consider the potential environmental risk presented by these metals. The concentration of
bioavailable mercury in soil ranged from 0.3 ng/g to 11 ng/g across the 2 cropping systems. The majority of mercury (>80%) was
associated with organic matter and the residual fraction. However, soil under paddy rice production exhibited a significantly lower
concentration of Fe/Mn oxide–bound mercury than that under corn field production. This may be a function of the reduction of Fe/Mn
oxides in the paddy rice soil, with the subsequent release of adsorbedmetals to the soil solution. Sequential change from corn field to paddy
rice production, as practiced in Wanshan, should therefore be avoided. Mercury adsorbed to Fe/Mn oxides in corn field soil potentially
could be released into the soil solution and be made available for biomethylation under the flooded water management conditions of a rice
paddy. Environ Toxicol Chem 2014;33:2147–2155. # 2014 SETAC
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INTRODUCTION

Mercury (Hg) and its compounds are highly toxic and are
included on the US Environmental Protection Agency’s list of
priority toxic pollutants [1]. The neurotoxicity of Hg has been
proven, and the metal has been implicated in causing
neurodegenerative diseases such as Alzheimer’s disease and
Parkinson’s disease [2].

Both natural and human activities contribute to the presence
of Hg in soil. Predominant anthropogenic sources of Hg include
emissions from coal combustion, discharge of Hg-containing
wastewater from industrial factories, large-scale Hg and gold
(Au) mining/smelting activities, and artisanal and small-scale
mining [3–6]. However, Hg is not the only metal present in land
contaminated by anthropogenic activities. The heavymetals lead
(Pb), antimony (Sb), copper (Cu), chromium (Cr), zinc (Zn),
nickel (Ni), and thallium (Tl) are also ubiquitous in mining-
affected environments, and the accumulation and transportation
of these metals in the food chain will cause damage to plants,
animals, and humans [7].

TheWanshan Hgmine, located in the eastern part of Guizhou
province, constitutes the largest historic Hg-producing district in
China. A large quantity of mine waste was produced atWanshan
between 1949 and the early 1990s [3].Mercury contamination of
the Wanshan environment has been well studied [8]. The total
Hg concentration in soil ranges from 1.5mg/kg to 790mg/kg [3],

an upper value that is 3 orders of magnitude greater than the
maximum allowable limit for Hg in Chinese agriculture soils
(1.5mg/kg) [9]. The legacy of Hg contamination across the
Wanshan region clearly necessitates the remediation or
management of contaminated soil. In response to this need,
the government of China recently allocated a large amount of
money to the future remediation of Wanshan according to
Chinese environmental quality guidelines. The extent to which
other metals may coexist in soil with Hg, however, has not been
established. The primary Hg ore in the Wanshan mining area is
cinnabar, with minor metacinnabar and elemental Hg. Minerals
such as stibnite, sphalerite, and pyrite are found in association
with the Hg ore, and these minerals contain a range of other
heavy metals. Few efforts have been made to investigate the
distribution of other heavy metals in the Hg-contaminated soils
of this mining region.

Paddy rice and dry land cropping (corn and rape) are the 2
main agricultural practices in the Wanshan region, representing
6% and 3% of total land use, respectively (area). In general, rice
is produced during the wet summer months, whereas vegetable
crops (rape) are grown from late autumn to spring. Rape or corn
is grown on paddy land after the rice harvest according to
demand but is not generally on a fixed schedule. Agricultural
land at Wanshan therefore experiences an alternating sequence
of flooded land to dry land status each year. This integrated
cropping system has the potential to affect the distribution and
speciation of heavy metals in soil. Specifically, changes in soil
redox can strongly influence the soil’s physical and chemical
characteristics. Surface coatings of iron and manganese hydrous
oxides (Fe/Mn oxides) on soil particles are considered to be an
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important sink for metals in the soil [10]. Any change of soil
redox may influence the chemical speciation of Fe/Mn oxides in
soil and subsequently lead to the repartitioning of metals
between the geochemical fractions that are present [11]. Han and
Banin [12] found that cobalt (Co), vanadium (V), Ni, Zn, and Cu
were transformed from a nonavailable form into a readily
available form as a result of incubation of soil under the saturated
conditions typical of a paddy rice environment. This transfor-
mation is the result of the release of sorbed metals from Mn and
Fe oxide coatings as these surfaces are reduced [12]. As land
dries with the onset of dry land cropping, however, Fe/Mn
oxides will re-form, leading to a decrease in the concentration of
these same metals in soil solution.

Paddy rice soil in Hg-contaminated areas is reported to have a
greater concentration of methylmercury (MeHg) than dry land
soils (rape or corn production) [3]. This is attributable to the
bacterial methylation of bioavailable mercury in the anoxic
environment, which is characteristic of a paddy field [13]. The
effects that changes in soil redox caused by a sequential cropping
system will have on Hg transformations in soil is poorly
understood. Sequential extraction procedures have been used
extensively to define the concentration of bioavailable Hg in soil.
These sequential extraction procedures separate soil Hg into
operationally defined groups based on chemical reactivi-
ty [14,15]. The bioavailable concentration of Hg in soil defined
by sequential extraction procedures has been well correlated
with concentrations of inorganic Hg in plants [16].

The present study investigated the hypothesis that an
alternating sequence of paddy rice and dry land cropping will
effect changes in heavymetal concentration andHg speciation in
soil. The objective of the present work was to assess the extent to
which potential environmental risk at Wanshan may be induced
by the cropping system used by farmers. Specifically, we
investigated differences in heavy metal distribution and Hg
fractionation in soil that could be induced by agricultural land
use. The results of the present research are expected to assist in
managing mercury pollution in this historic Hg-mining region
by understanding the effect that cropping systems may have on
heavy metal bioavailability.

MATERIALS AND METHODS

Soil sample collection

Soil was collected from 19 sampling locations throughout the
Wanshan mining region (Figure 1). Each of these locations has
been affected directly by historic Hg mining activities and
represents the current dominant land use of the area. Nine
locations were under paddy rice production adjacent to the Da
Shui Xi River (flooded water management). Today, this river is
heavily contaminated as a result of drainage from local Hg
mines [17]. Ten locations were under corn field production (dry
land). Each of these sampling locations was near a mercury
mining shaft distributed along the margins of valleys away from
the river. At each sampling site, a composite soil sample
composed of 5 subsamples was collected using a stainless steel
spade to 20 cm depth from an area of 2 m2 (approximately 1 kg
soil). All samples were collected and stored in sealed
polyethylene bags to avoid cross contamination, transferred to
the laboratory, freeze-dried, ground in a ceramic disc mill, and
sieved to 200mesh.

Analysis of soil physical and chemical properties

The pH of the soil was measured in deionized water at a soil-
to-water ratio of 1:2.5 (w/w) using a pH meter (Hanna

Instruments). Soil texture was determined using a Malvern
Mastersizer 2000 (Malvern), and the organic matter concentra-
tion was determined according to the potassium dichromate
volumetric method [18]. Total carbon, total nitrogen, and total
sulfur were measured directly using a PE2400-II Elemental
Analyzer (PerkinElmer).

For total mercury analysis, 0.1-g to 0.2-g soil samples were
digested in a water bath (95 8C) using 5mL aqua regia and
then made to a volume of 50mL with double deionized
water [19]. The concentration of Hg in the digest solution
and the leachates from fractions 3, 4, and 5 were measured by
cold vapor atomic absorption spectrometry using a F732-S
spectrophotometer (Huaguang). The extracts from fractions
1 and 2were determined using the dual-stage gold amalgamation
method and cold vapor atomic fluorescence spectrometry using a
Tekran 2500 (Tekran Instruments).

For total heavy metal determination, 0.1-g soil samples were
digested by HNO3–HF mixture (4:3, v/v) [20] in Teflon tubes at
200 8C for 48 h in an electric constant-temperature drying oven.
The solution was heated until the acid was reduced to a volume
of 1mL to 2mL and was then increased to a volume of 15mL
with 1% HNO3. The digest solution was analyzed by
Quadrupole Inductively Coupled Plasma Mass Spectrometer
(ELAN DRC-e, PerkinElmer) for Tl, Pb, Sb, Cu, Cr, Zn, Ni, and
Ti.

Contamination index

A contamination index (Pi) used to describe the contamina-
tion of a given toxic substance in soils was expressed by the
following equation [21]

Pi ¼ Ci

Xa

where Ci is the observed concentration of the substance and Xa

is the noncontaminated threshold value [22]. The noncontami-
nated threshold values of Pb, Cu, Cr, Zn, Ni, Tl, Hg, and
Sb defined by Zhang et al. [23], Ning et al. [24], and the
China National Environmental Monitoring Centre [25]
are 35.2mg/kg, 26mg/kg, 96mg/kg, 82mg/kg, 34mg/kg,
0.7mg/kg, 0.11mg/kg, and 1.9mg/kg, respectively. According
to Chen [21], the contamination index can be classified
into 4 groups: Pi � 1, no contamination; 1<Pi � 2, low
contamination; 2<Pi � 3, moderate contamination; and Pi> 3,
high contamination.

Sequential extraction procedure

A modified sequential extraction procedure based on the
schemes of Tessier et al. [26] and Jeyakumar et al. [27] was used
to investigate the geochemical fractionation of Hg in the soil.
This methodology was limited to Hg because of the known
anthropogenic contamination of this metal in the Wanshan
environment. The sequential extraction procedure defined Hg as
belonging to 1 of 5 chemical fractions or soil geochemical
phases: soluble and exchangeable, specifically sorbed, Fe/Mn
oxide–bound, organic-bound, and the residual fraction [28].
Sequential extraction was carried out with an initial weight of 1 g
of sieved dry soil mixed with the relevant extractant in a 50-mL
polypropylene centrifuge tube. After each step, the extracts were
centrifuged at 3500 rpm, and the supernatant was separated by
passing through a 0.45-mmmicrofilter. The residue was washed
2 times with 8mL of double deionizedwater before the next step.
For the soluble and exchangeable Hg (fraction 1), the soil was
extracted at room temperature for 1 h with 8mL of 1M
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Mg(NO3)2 (pH7) with continuous stirring. For the specifically-
sorbed Hg (fraction 2), the washed residue of fraction 1 was
leached at room temperature with 8mL of 1M CH3COONa
(adjusted to pH5 with CH3COOH) for 5 h with continuous
stirring. For Fe/Mn oxide–bound Hg (fraction 3), the residue of
fraction 2 was extracted with 20mL of 0.4M hydroxylamine
hydrochloride (NH2OH �HCl) in 25% CH3COOH (v/v) for 6 h
at 96 8C in a water bath. For organic-bound Hg (fraction 4), the
residue of fraction 3 was extracted with 8mL of 30% H2O2

(adjusted to pH2 with HNO3) for 2 h at 85 8C in a water bath.
After 2 h, an additional 3mL of 30% H2O2 was added (adjusted
to pH2 with HNO3). The temperature was maintained for
another 3 h at 85 8C in a water bath. Finally, for residual Hg

(fraction 5), the residue of fraction 4 was digested with 10mL of
fresh aqua regia for 30min at 95 8C in a water bath.

The reliability of the sequential extraction procedure
method was quantified using the parameter “recovery,” which
is defined as the sum of extracted Hg fractions divided by the
independently determined total Hg concentration. Recovery
ranged between 81% and 121% for the soil samples and was
similar to that reported in previous sequential extraction
procedure studies for Hg in soil [15]. There are several possible
explanations for the discrepancy between the recorded recovery
and the nominal value of 100%. Loss of volatile Hg species
during the manipulations can result in a recovery of less than
100% [29]. Also, any uncertainty in individual chemical

Figure 1. Location of the soil sample sites.
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measurements can also lead to a discrepancy between the actual
and nominal values.

Quality control and quality assurance

Quality assurance and quality control were performed using a
system of method blanks, duplicates, and certified reference
materials (GBW07405 and GBW[E]070009). The average
total Cu, Pb, Sb, Zn, Ni, and Cr concentrations of the soil
standard GBW07405 were 133� 0.1mg/kg, 468� 2 mg/kg,
33� 0.6 mg/kg, 489� 14 mg/kg, 38� 6.4 mg/kg, 111� 1.4
mg/kg, respectively (n¼ 3), which is similar to the certified
value of 166� 9 mg/kg, 552� 44 mg/kg, 35� 7 mg/kg,
494� 39 mg/kg, 40� 5 mg/kg, and 118� 10 mg/kg, respec-
tively. The average total Hg and Ti concentrations of the
soil standard GBW(E)070009 were 2.1� 0.1 mg/kg and
3062� 4 mg/kg, respectively, which is similar to the certified
values of 2.2� 0.4 mg/kg and 4120� 400 mg/kg, respectively
(n¼ 3). The relative difference between the sample replicates
was <10%.

Data analysis

Statistical analyses were carried out using the software
package SPSS 17.0 forWindows. Data were tested for normality
and correlations among the different heavy metals using the
Spearman correlation analysis (for non-normally distributed
data). Significant differences were declared at p< 0.05 and
p< 0.01.

RESULTS AND DISCUSSION

Soil physical and chemical characteristics

Table 1 presents the physical and chemical characteristics of
the sampled soils. Soil pH varied from 5.2 to 7.8, although no
clear distinction was observed between the 2 cropping systems.
The Wanshan Hg mining district has abundant outcrops of
limestone, which account for the generally high soil pH [3]. Soil
organic matter content ranged from 1.6% to 6.7% across the 2
cropping systems. Wanshan farmers apply large amounts of
farmyard manure to soil, which may explain the variable levels
of organic matter content across the 2 sites. The total carbon and
total nitrogen content of soil across the sampling areas did not
show any significant difference between the 2 cropping systems.
A significant difference was observed, however, in the total
sulfur content of the soil. The sulfur content of the corn field soil
was nearly 20 times higher than in the paddy rice soil (p< 0.05).
There was no single dominant soil texture recorded in the area.

Heavy metal in soil as a function of the 2 cropping systems

The heavy metal concentration in soil under both cropping
systems is shown in Table 2. In the corn field soils, with the

single exception of Cr, the average concentration of each metal
exceeded the noncontaminated threshold value, especially for
Zn, Sb, and Hg. These 3 metals were present at concentrations
nearly 3.5 times, 19 times, and 785 times greater, respectively,
than the noncontaminated threshold value. In the paddy rice
soils, the average concentrations of Zn, Sb, and Hg were nearly
1.5 times, 11 times, and 524 times greater, respectively, than the
noncontaminated threshold value. However, the other metals
were present at a concentration similar to the noncontaminated
threshold value.

The contamination index for each soil is illustrated
graphically in Figure 2. For soil samples collected under paddy
rice production, the contamination indexes for Cr, Pb, Tl, and Ni
were at values well below 1 and for Zn and Cu at values
exceeding 1. These indices suggest that paddy rice soils have not
been contaminated with Pb, Tl, Cr, and Ni through anthropo-
genic activities. For corn field soil, the average index value for Cr
was below 1; the Pb, Tl, Cu, and Ni index values were between 1
and 2; and the contamination index for Zn was greater than 3.
These data indicate that Wanshan soil under corn field
production is not contaminated with Cr; is slightly contaminated
with Pb, Cu, Ni and T1; and is heavily contaminated with Zn
through anthropogenic activity. Both the paddy rice and
corn field soil samples were contaminated heavily with Sb
and Hg, as quantified by a contamination index exceeding the
upper limit of 3.

Contamination of theWanshan area with Hg is well described
in literature. However, our report of significant anthropogenic Sb
contamination is novel. Antimony is a nonessential element in
plants, animals, and humans and can be toxic at elevated
concentrations [30]. Based on the present study, the soil Sb
concentration across the 2 land uses ranged from 2.6mg/kg to
92mg/kg. For comparison, the average concentration of Sb in
soils across Guizhou Province is reported to be 2.2mg/kg [31].
The present study’s data are comparable to data obtained from
other studies conducted at non-Sb mining areas. The average
concentration of Sb in soil samples collected from abandoned
mines in Portugal was 663mg/kg [32]. However, the Sb
concentration in Wanshan soil was generally lower than that
recorded in other Sb-mining areas. Soil samples collected
from theXikuangshan Sbmining area in Hunan province, China,
for example, have recorded Sb concentrations ranging from
100mg/kg to 5050mg/kg [33]. To the best of our knowledge,
there is no Chinese environmental standard for Sb in soil. The
maximum permissible Sb concentration in soil suggested by
the World Health Organization is 36mg/kg [34], and several of
theWanshan soil samples had an Sb concentration that exceeded
this value. However, Oorts and Smolders [35] reported that a
more accurate Sb toxicity threshold in soil was 370mg/kg. The
mobility of Sb in soil is affected by the soil pH, redox status, and

Table 1. General physicochemical parameters of soils of the 2 crops investigated in the present study

pH
Organic

matter (%)

Texture

Total C
(mg/g)

Total N
(mg/g)

Total S
(mg/g)

Sand
(%)

Silt
(%)

Clay
(%)

Cornfield (n¼ 10)
Range 5.2–7.8 1.6–6.7 14–42 26–54.0 21–47 11–49 1.4–3.9 0.2–5.9
Mean�SD 6.9� 0.7 3� 1.5 29.2� 7.2 37� 11 36.4� 10 22� 11 2.3� 0.7 1.9� 1.6

Paddy rice (n¼ 9)
Range 5.2–7.6 1.9–3.6 23–43 28–47 25–35 12–21 1.4–2.5 0.1–0.2
Mean�SD 6.3� 1 2.8� 0.6 32� 8 39� 7 29� 3 17� 2.9 1.8� 0.3 0.1� 0.1

SD¼ standard deviation.
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reactive surfaces in the soil (e.g., iron oxides content) [36]. A
detailed investigation of the bioavailability of Sb in Wanshan
soil and the concentration of this metal in crop plants should be
conducted in the future to quantify the potential for environ-
mental risk that may be associated with Sb in soil.

The average concentration and contamination index of
Cr, Ni, Cu, Zn, Hg, Sb, Tl, and Pb in the paddy rice soils were
generally lower than those in the corn field soils, indicating a
relatively greater degree of heavy metal contamination under
corn field production than under paddy rice production. The key
difference between these 2 cropping systems is the water
management during crop production. Rice paddies are subject to
flood irrigation, whereas land cultivated for corn production in
Wanshan is not irrigated. Previous reports have shown that
certain heavy metals (Cu, Pb, and Zn) in flooded or wetland soils
can be lost from the surface soil profile as a result of
cultivation [12,37]. Saturating the soil by flood irrigation can
strongly affect soil Eh and water content [22,38], parameters that
can influence the solubility of heavy metals dramatically and
cause their redistribution in the soil [12,38]. Han and Banin [12]
conducted a pot experiment to investigate the transformation of
Ni, Cu, and Zn in soils under saturated water management and
showed that each of these metals was transformed from a
nonavailable to an available form as the degree of water
saturation increased. These solubilized metals may be lost from
the soil through uptake by the plants and harvesting or through
agricultural runoff and leaching after cultivation [39].

Correlation between Ti and heavy metals in soils

Titanium can be used in geological studies as a reference for
crustal materials because of its insolubility and abundance in rock
and because this element is less affected by anthropogenic sources
of pollution than are other heavy metals [40]. The analysis of Ti
can trace the source of heavymetals in soils. A positive correlation
between the concentrations of a heavy metal in soil with that of Ti
indicates a geogenic origin rather than anthropogenic contamina-
tion [41]. The Spearman’s correlation matrix between the Ti and
heavy metal concentration in the collected soils is presented in
Table 3. With the exception of Sb, Cr, and Hg, the metals Ni, Cu,
Zn, Tl, and Pb are significantly correlated with Ti. Correlation
suggests that the loading of these metals to soil may be through
geogenic processes, most likely the natural weathering of rocks
over time. In contrast, the Hg and Sb concentration in soil under
both land uses is not correlated with Ti. This lack of correlation
supports the hypothesis that the presence of these metals in
Wanshan soil is a function of anthropogenic contamination. The
Wanshan Hg deposit is located in a large natural circum-Pacific
mercuriferous belt. Elements such as S, Sb, Tl, and As generally
are associatedwith Hg in themercury-bearingminerals of this belt.
The occurrence of antimony-bearing minerals such as stibnite has
been recorded in theWanshanHg deposit [42], and themining and

refining of Hg may have released Sb-containing wastes into the
environment. As a result of the present study, we define Sb as well
as Hg as having the potential to cause environmental risk in the
Wanshan area.

The distribution of Hg fractionations in soil

In any environmental consideration of heavymetal in soil, the
greatest concern is related to the potential for transfer of metal
from soil to plants, which may enter the food chain and pose a
health risk to humans. Risk in this context can be better
understood through use of a sequential extraction procedure,
which estimates the concentration of bioavailable metal in soil.
The 2 candidates for sequential extraction procedure study in the
Wanshan soil are Hg and Sb, based on their contamination status
reported in the present study. Of these 2, Hg has been studied
extensively, and the presence of this metal in soil is the primary
environmental concern for theWanshan region. Bioavailable Hg
is defined as that associated with the soluble and exchangeable
(fraction 1) and specifically sorbed (fraction 2) geochemical
fractions in soil [43]. A sequential extraction procedure for Sb is
not described in the present study. The methodology for a
reliable Sb sequential extraction procedure is being developed as
a result of the present study’s findings and will be described in
future publications.

The bioavailable Hg concentration in the corn field and
paddy rice soils ranged from 0.3 ng/g to 11 ng/g (Table 4) and
was similar to results Wang et al. [15] obtained for Wanshan
soil. There was no difference in bioavailable concentration
as a function of cropping system. The average bioavailable
concentration of Hg in theWanshan soil samples was lower than
that reported for an uncontaminated background soil in China
(0.04mg/kg) collected from the Qiliangqiao Natural Beauty
Spot (�70 km from Wanshan) [44]. In contrast, the reported
bioavailable Hg concentration in soil collected from the
Almad�en Hg mine in Spain is 0.2mg/kg to 8mg/kg [45], 2 to
3 orders of magnitude greater than that for Wanshan. Huang
et al. [46] collected several soil and rice samples from an
industrial region in the Yangtze River Delta area of China and
correlated the concentration of bioavailable Hg in soil with the
total Hg concentration in rice. For a reported bioavailable Hg
concentration range from 31 ng/g to 35 ng/g in soil, the average
concentration of Hg in rice was well below the maximum
allowable Hg content in foodstuffs established by the Chinese
government. We therefore propose that the very low bioavail-
able Hg concentrations recorded for Wanshan soil represent a
low-level risk to food safety for the cropping systems analyzed at
the time of the present study. However, the implications of the
change between flooded and dry land water management can be
considered further as follows.

Soil Hg associated with fraction 3 was significantly greater
than that associated with fractions 1 and 2, and a significant

Table 2. Concentrations of heavy metals in soil of the 2 crops (mg/kg; range and mean� standard deviation [SD]) and
the relevant noncontaminated threshold values (mg/kg)

Cr Ni Cu Zn Sb TI Pb Hg Ti

Corn field soil (n¼ 10)
Range 40–159 22–76 31–64 112–635 2.6–88 0.4–1.5 22–100 1.7–188 5280–7281
Mean�SD 86� 42 43� 18 45� 10 283� 188 35� 30 0.9� 0.3 51� 26 90� 70 6157� 608

Paddy rice soil (n¼ 9)
Range 35–139 11–68 19–55 81–272 3–92 0.4–1.1 18–37 9–222 4945–7055
Mean�SD 71� 33 31� 18 33� 13 127� 62 21� 30 0.7� 0.2 27� 7 60� 67 5985� 789

Noncontaminated threshold values 95.9 34 26 82 1.89 0.71 35.2 0.11 ––––

Potential for environmental risk of Hg-contaminated soil Environ Toxicol Chem 33, 2014 2151



difference between the fraction 3 concentrations as a function of
cropping system was observed. For the paddy rice soils, the
concentration of Hg associated with fraction 3 ranged from
0.03mg/kg to 0.86mg/kg. In contrast, in the corn field soils, the
concentration ranged from 5mg/kg to 36mg/kg (Table 4).

A difference in the oxidation status of Fe andMn as a function of
the 2 land uses can be expected based on the water management
conditions employed for crop production. We propose that
the observed variance in the concentration of Hg associated with
Fe/Mn oxides can be explained through the reduction of oxides

Figure 2. The contamination index of heavy metals in soil at the Wanshan mining area collected under paddy rice (PR; n¼ 9) and corn field (CF; n¼ 10)
production. Bars denote the standard deviation from the mean of replicates.
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under the anoxic conditions prevalent for paddy rice soil [11].
Reduction of soil oxides would subsequently release any sorbed
metal into soil solution. Similar results have been reported in
previous studies. For example, Zhang et al. [47] investigated the
fractionation of Hg in soil collected from an industrial region in
southern China under both flooded and dry land use. Their
results indicated that the average concentration of Hg bound to
Fe/Mn oxides in the paddy rice soil was 0.6mg/kg, whereas that
in the dry land soil was 3.9mg/kg.

Compared with fractions 1, 2, and 3, organic-bound Hg is
considered, in general, to have limited bioavailability in soil and
to present low environmental risk [16]. In the present study, the
concentration of Hg associated with organic matter was similar
under both paddy rice production (4–57mg/kg) and corn field
production (12–60mg/kg). The concentration of Hg associated
with the soil residual fraction ranged from 4mg/kg to 136mg/kg
and from 3mg/kg to 184mg/kg for paddy rice and corn field,
respectively, and accounted for the majority of Hg in the soil
under both crops. Trace elements associated with the soil
residual fraction are those that are combined with primary or
secondary minerals and are often components of a crystal
structure. Mercury in this phase also has limited bioavailability
and therefore presents low environmental risk.

Land management recommendations

The Wanshan soil investigated in the present study under
both paddy rice and corn field production shows evidence of
anthropogenic contamination with Hg and Sb. The presence of
these contaminants may present environmental risk, and an
appropriate remediation or management plan should be enacted
to mitigate this risk where it is apparent. Although soil under
corn field production was slightly contaminated with Zn, Pb, Ni,
and Cu, these metals are likely to be present through geogenic
origin, and remediation likely is not necessary. Efforts to
remediate contaminated soil at Wanshan have been initiat-
ed [15,48]. However, the focus of these efforts has been to

remediate Hg only. Future efforts should consider both Hg and
Sb fully.

The results of the present study indicate that each change
from cornfield to paddy rice production may result in a period of
increased environmental risk. Each change in land use may lead
to increased mobility of heavy metals because Fe/Mn oxides are
reduced with the onset of paddy rice flood irrigation. In the
present study, Hg bound to Fe/Mn oxides in soil under corn
production represented a high proportion of total Hg (0.3–13%).
We propose that Hg associated with Fe/Mn oxides in corn field
soil could be released to the soil solution under the described
scenario of land use change. This soluble Hg could then be
available for uptake or for methylation by bacteria in the paddy
rice soil environment [49], or it may be leached. There was,
however, no significant difference in the concentration of
bioavailable metal in soil between the 2 crops. We therefore
propose that Hg released from Fe/Mn oxides is removed rapidly
from the soil solution by these same 3 pathways (uptake,
methylation, or leaching). Based on this suspected risk, we
believe that the changing geochemistry of Hg associated with
each cropping system transition, and its accumulation in crops as
a function of change, should be investigated in future research.

Antimony may represent a previously unknown or under-
estimated environment risk throughout the Wanshan region, and
this risk should be considered further in the context of the
cropping system employed. Metal oxides and hydroxides are
also important for retaining Sb in soil. Mitsunobu et al. [49]
reported that the main host phase of both Sb and As in soil
was Fe(III) hydroxide. Antimony is sorbed preferentially onto
Fe oxides in soil [50] and Mn oxides in lake sediments [51].
Tong et al. [52] reported the use of a sequential extraction
method to study the fractionation of Sb in a Sb-containing soil
collected from the Lengshuijiang Sb mine in Hunan province,
China, and showed that Sb associated with Fe/Mn oxides
represented 30% and 51% of total Sb (up to 55mg/kg) at 0 cm to
20 cm and 20 cm to 40 cm soil depth, respectively. Similarly,

Table 3. Spearman’s correlation matrix, giving the linear correlation coefficients (r) among the heavy metal concentrations in soil (n¼ 19)

Ni Cu Zn Sb T1 Pb Ti Hg

Cr 0.83�� 0.45 0.23 0.67�� 0.65�� 0.40 0.28 0.34
Ni 0.73�� 0.64�� 0.73�� 0.73�� 0.60�� 0.47� 0.34
Cu 0.72�� 0.49� 0.86�� 0.69�� 0.63�� 0.39
Zn 0.47� 0.44 0.79�� 0.48� 0.32
Sb 0.58� 0.57� 0.23 0.81��
T1 0.64�� 0.68�� 0.43
Pb 0.48� 0.42
Ti 0.26

�
p< 0.05.

��
p< 0.01.

Table 4. Concentration of Hg associated with each soil’s geochemical fraction under paddy rice and corn field production (mg/kg; mean� standard deviation)a

Soluble and
exchangeable Hg

Specifically
sorbed Hg

Fe/Mn oxide
bound Hg

Organic
bound Hg

Residual
Hg

Total Hg by
summation of
each fraction

Total Hg by
single digestion

Paddy rice (n¼ 9) 0.001� 0.002 0.002� 0.002 0.2� 0.28 15� 19 37� 43 56� 60 60� 67
(0.005� 0.005) (0.01� 0.01) (0.5� 0.5) (25� 16) (74� 16)

Corn field (n¼ 10) 0.002� 0.003 0.004� 0.009 6.2� 10.6 23� 20 64� 71 93� 79 90� 70
(0.003� 0.003) (0.01� 0.01) (12� 13) (32� 19) (56� 27)

aThe data in the parentheses indicate each fraction, representing the percentage of total Hg.
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Tighe and Lockwood [53] found that Sb associated with
noncrystalline Fe and Al hydroxides represented 30% to 47% of
the total Sb concentration in soil (27mg/kg). Development of a
sequential extraction procedure for Sb inWanshan soil is a target
for future research. Flood irrigation of soil may increase
bioavailability of Sb and leaching as the metal desorbs from
reduced Fe/Mn oxides. In general, pentavalent and trivalent Sb
are the 2 main forms of inorganic Sb in soil. Antimony in the
trivalent state is more toxic and mobile than pentavalent Sb [54].
In contaminated soil at Sb mining sites, pentavalent Sb is the
predominant speciation, representing more than 90% of total Sb
in soil [55]. In paddy fields, however, pentavalent Sb may be
reduced to the trivalent state [54]. Therefore, any transition from
corn field to paddy rice at Wanshan may increase the mobility
and toxicity of Sb in soil and pose a period of increased
environmental risk. The bioavailability of Sb and its accumula-
tion in the food chain as a function of cropping system change
should be assessed fully in future environmental studies
conducted in the Wanshan mining district.

CONCLUSIONS

Wanshan soils are contaminated with Hg and Sb. Remedia-
tion protocols currently being enacted for Hg-contaminated soil
should therefore also consider Sb. Soils under corn production
show a higher concentration of heavy metals than soils under
paddy rice production, but this is associated with the differing
redox status of the soils rather than a differential history of
contamination. Metals in the paddy rice soil may have desorbed
from Fe/Mn oxides and leached over time. The sequential
extraction protocol adopted for the present study showed that the
concentration of bioavailable Hg currently presents limited
environmental risk under both cropping systems. A major
difference was observed, however, in the concentration of Hg
adsorbed to Fe/Mn oxides in soil between the 2 systems, and we
propose that Hg associated with this fraction represents potential
future environmental risk. A greater concentration of Hg
associated with Fe/Mn oxides was found in the cornfield soils
than in the paddy rice soils, and this Hg could potentially be
released to soil solution as a consequence of future land-use
change. Our results should be considered during agricultural
land use planning in the Wanshan mining district. Where land
under corn production is changed to paddy rice production,
oxide-bound Hg may desorb as the oxides reduce under the
flooded water management system. Such land use change could
potentially lead to a short-term increase in the concentration of
bioavailable Hg in soil solution, and this fraction of metal would
be available for biomethylation. To prevent the possible transfer
of MeHg into future rice crops in the Wanshan area, the current
practice of alternating crop types may need to be avoided.
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